Because RNAs fold as they are being synthesized, their transcription rate can affect their folding. Here, we report the results of single-molecule fluorescence studies that characterize the liganddependent cotranscriptional folding of the Escherichia coli thiM riboswitch that regulates translation. We found that the riboswitch aptamer folds into the "off" conformation independent of its ligand, but switches to the "on" conformation during transcriptional pausing near the translational start codon. Ligand binding maintains the riboswitch in the off conformation during transcriptional pauses. We expect our assay will permit the controlled study of the two main physical mechanisms that regulate cotranscriptional folding: transcriptional pausing and transcriptional speed. A key principle of biology is that structure determines function. Functional RNA working as regulators, ribozymes, and scaffolds in large molecular complexes should fold properly to function properly. Several factors, such as salts, metabolites, and temperature, can influence RNA folding by changing its thermodynamic energy landscape (1-3). The functional roles RNAs play, however, may be transient (4). This means RNAs may not have enough time to find the global minimum of the folding energy landscape before they function. In vivo, RNAs fold sequentially from the 5′-end to the 3′-end as they are synthesized. Their folding is also influenced by transcriptional pauses, which are ubiquitous (5). It is therefore possible that the functional structure of RNAs may be influenced more strongly by transcription kinetics than by the global energy landscape of RNA folding (6-9).
Because RNAs fold as they are being synthesized, their transcription rate can affect their folding. Here, we report the results of single-molecule fluorescence studies that characterize the liganddependent cotranscriptional folding of the Escherichia coli thiM riboswitch that regulates translation. We found that the riboswitch aptamer folds into the "off" conformation independent of its ligand, but switches to the "on" conformation during transcriptional pausing near the translational start codon. Ligand binding maintains the riboswitch in the off conformation during transcriptional pauses. We expect our assay will permit the controlled study of the two main physical mechanisms that regulate cotranscriptional folding: transcriptional pausing and transcriptional speed. A key principle of biology is that structure determines function. Functional RNA working as regulators, ribozymes, and scaffolds in large molecular complexes should fold properly to function properly. Several factors, such as salts, metabolites, and temperature, can influence RNA folding by changing its thermodynamic energy landscape (1) (2) (3) . The functional roles RNAs play, however, may be transient (4) . This means RNAs may not have enough time to find the global minimum of the folding energy landscape before they function. In vivo, RNAs fold sequentially from the 5′-end to the 3′-end as they are synthesized. Their folding is also influenced by transcriptional pauses, which are ubiquitous (5) . It is therefore possible that the functional structure of RNAs may be influenced more strongly by transcription kinetics than by the global energy landscape of RNA folding (6) (7) (8) (9) .
Thiamine production in bacteria, fungi, and plants is controlled by an RNA structure called the thiamine pyrophosphate (TPP) riboswitch (10) (11) (12) (13) . The TPP riboswitch exists in the untranslated regions of messenger RNAs, where it regulates their splicing, transcription, or translation by coupling TPP binding to a structural transition of the riboswitch (11) . As an example, the translation regulation model of the Escherichia coli thiM riboswitch is shown in Fig. 1A (12, 14) . In the TPP-bound form, TPP is encapsulated in the aptamer region, which is composed of the P1-P5 helices. In this state, translation is repressed (the "off" state) because the ribosome binding site (RBS) is inaccessible to ribosomes. In the TPP-unbound form, the disrupted P1 helix base-pairs with an anti-RBS sequence, and translation begins (the "on" state).
How does TPP binding induce such an extensive structural transition of the riboswitch? An X-ray crystal structure of the aptamer region of the TPP riboswitch reveals how the riboswitch recognizes TPP with high ligand specificity (12, 15) , but the mechanism coupling TPP binding to the structural transition remains unclear. Various techniques have been used to characterize both the ligand-free state of the TPP riboswitch aptamer and its structural transition upon ligand binding (14, (16) (17) (18) (19) (20) . An optical trapping study reported that the aptamer forms a secondary structure before TPP binding and a tertiary interaction after TPP binding (17) . A single-molecule fluorescence resonance energy transfer (FRET) study reported that TPP stabilizes the structure of the P1 stem (19) . Despite the application of so many techniques, the mechanisms coupling TPP binding to the structural transitions of the TPP riboswitch are not yet clearly understood. To understand the regulation of the TPP riboswitch, it is necessary to visualize the cotranscriptional folding of the aptamer in the context of a full riboswitch (11, 21, 22) .
Results
Single-Molecule FRET Assay for Cotranscriptional Folding. To monitor cotranscriptional folding of the TPP riboswitch at the singlemolecule level, we prepared an elongation complex (EC) loaded with doubly labeled RNA transcript as shown in Fig. 1B . First, we incubated Cy5-labeled seed RNA with a template DNA (Table S1) and phage T7 RNA polymerase (RNAP) in a tube for 50 min. Then, we assembled full ECs by incubating the ternary complexes with nontemplate DNA and Cy3-labeled UTP. We then immobilized these on a polymer-passivated quartz surface using streptavidin-biotin interactions. The comparison of fluorescence images with and without ECs shows a low level of nonspecific binding and a high efficiency of EC assembly (Fig. 1C) . To resume elongation, we added NTP while single-molecule fluorescence images were being taken. In this experimental scheme, transcription stalls upon encountering streptavidin on the quartz slide, providing a means to control the length of the RNA transcript involved in folding by changing the length of the DNA templates. The Cy3 and Cy5 labeling positions used for the experiments are shown in Fig. 1A . The dissociation constant (K d ) value of the dye-labeled riboswitch was similar to the K d value for an unlabeled TPP riboswitch based on isothermal calorimetry measurements (23, 24) , indicating that dye labeling does not significantly hinder TPP binding. We Significance RNA molecules fold into functional structures as they are being synthesized by transcription. Here, we developed a singlemolecule fluorescence resonance energy transfer (FRET) assay that permits real-time monitoring of the cotranscriptional folding of RNA molecules. This single-molecule FRET assay makes it possible to carry out controlled studies of the two main physical mechanisms that regulate cotranscriptional RNA folding: transcriptional pausing and transcriptional speed. also confirmed that high FRET occurs when TPP binds the riboswitch (24) .
Cotranscriptional Folding of the TPP Riboswitch Aptamer. We first studied the cotranscriptional folding of the aptamer region. Previous structural and biochemical studies revealed that T7 RNAP encapsulates a 21-bp DNA duplex and an 11-to 14-nt RNA transcript (25) ( Fig. 2A ), but we could not predict how many nucleotides of the RNA transcript would be exposed outside RNAP when transcription stalls. To ensure that we have an RNA transcript whose aptamer region is completely exposed when transcription stalls, we prepared a series of DNA templates with varying lengths downstream from the aptamer coding region (D10-D19 in Fig. 2B ). Fig. 2C shows representative time traces obtained with D17, which is long enough to fully expose the aptamer region of the riboswitch at stalling, as is shown in Fig. 2I . After NTP injection, the total intensity dropped simultaneously with the FRET jump (Fig. 2C ). Cy3 intensity is known to increase when a protein is positioned nearby (26), so we interpreted the Cy3 intensity drop upon NTP injection as the escape of the Cy3-labeled base from RNAP. After waiting 70 s for the RNA to elongate to the stalling site, we added 200 μM TPP to observe the effects of TPP binding. We observed an increase in FRET efficiency upon TPP injection, indicating that TPP successfully bound to the riboswitch (Fig. 2C) . A comparison of FRET histograms before and after TPP injection reveals a large increase in the high FRET population in the presence of TPP (Fig. 2D ). On the other hand, when we performed the same experiment with a thermally annealed synthetic aptamer, the TPP-induced increase in the high FRET population was much smaller (Fig. 2E ). We then used two different approaches to estimate the relative population of properly folded (i.e., TPP-responsive) molecules. We fit the FRET histograms in the presence of TPP to two Gaussian functions (histograms in Fig. 2 D, Bottom and E, Bottom), and we counted the number of molecules with FRET jumps upon TPP injection (Fig. 2C) . As Fig. 2F shows, the two approaches gave similar results for the cotranscriptionally folded aptamer (75% vs. 67%), but produced a significant difference for the thermally annealed RNA (40% vs. 12%). In the case of the thermally annealed RNA, a significant proportion of molecules did not respond to TPP, but contributed to the high FRET population (Fig. S1 ). These molecules contributed to the properly folded RNA estimate in the fitting approach, but not in the counting approach. In the case of cotranscriptionally folded RNA, molecules in the high FRET region before TPP injection were highly dynamic and showed a transition to a stable FRET state with an increased FRET value (Fig. 2C ). This observation indicates that the high FRET population of the thermally annealed RNA in the presence of TPP is heterogeneous, comprising properly folded RNAs along with a significant proportion of misfolded RNAs. This observation is consistent with the view that the energy landscape for long RNAs is quite rugged (27, 28) . With cotranscriptional folding, however, it is possible to reach higher levels of conformational homogeneity because it is sequential folding that determines the folding pathway.
Next, we used the D17 template to explore how cotranscriptional folding is affected by various elongation conditions. When we slowed transcription speed by using only 10 μM NTP instead of 200 μM, we observed a reduction in the high FRET population from 75% to 70% (Fig. 2G ). This decrease may be small, but it is statistically significant (Fig. S2) . On the other hand, the presence of TPP during elongation does not affect the folding populations (Fig. 2H) , indicating that the aptamer folds into the off conformation independent of TPP.
Finally, we performed the experiment in Fig. 2C with other DNA templates. The high FRET population was highly dependent on the length of the DNA template downstream from the aptamer coding region (Fig. 2I and Fig. S3 ). Because the TPP riboswitch attains full TPP binding affinity only after aptamer synthesis is complete (24, 29) , Fig. 2I allows us to accurately determine the RNA transcript length involved in folding at transcription stalling. The fluorophore-labeling positions for single-molecule studies are indicated by green and red boxes (green for Cy3 or Dy547, red for Dy647). (B) Experimental scheme. Dy647-labeled seed RNA was incubated with a template DNA strand and phage T7 RNAP in a tube for 50 min at 37°C. To assemble a full EC, Cy3-labeled UTP and a nontemplate DNA strand were added to the tube and incubated for 20 min. ECs were immobilized on a polymer-passivated quartz surface using streptavidin-biotin interactions. Elongation was resumed by injecting NTP, while RNA folding was observed using a single-molecule FRET microscope. (C) Single-molecule fluorescence images of EC (Top) and control (ctrl) images of nonspecifically bound Cy3-UTP (Bottom). The colocalized Cy3 and Cy5 spots are enclosed by circles. The percentage of acceptor spots colocalized with donor spots was estimated as 57 ± 14% from 10 measurements.
By inspecting the FRET histograms and TPP binding kinetics, we concluded that the aptamer region is fully exposed on the D16-D19 templates (Fig. S4) . In the subsequent discussions, each RNA transcript will be referred to as "R#," e.g., R144, where # refers to the position number of the last nucleotide exposed outside RNAP during transcription stalling.
Cotranscriptional Folding of the Full TPP Riboswitch. After establishing that the aptamer region folds independent of TPP, we studied the cotranscriptional folding of the full riboswitch (R159). Compared with the aptamer region, the high FRET population of the full riboswitch fell from 75% to 61% (Fig. 3A, Top) , and this reduction was even more prominent when we reduced transcription speed (Fig. 3A, Middle) . The addition of 200 μM TPP during transcription, however, restored the original high FRET population we observed with the aptamer region alone (Fig. 3A, Bottom) . TPP's ability to maintain the high FRET population depended on TPP concentration, with the midpoint falling around 30 μM (Fig.  3B and Fig. S5 ). This is almost 300-fold higher than the TPP K d of the aptamer we observed in vitro (24, 30) , but it is similar to the in vivo critical concentration that regulates thiamine production (31, 32) . The fact that the TPP concentration that regulates riboswitch folding is much larger than the riboswitch K d is consistent with the hypothesis that riboswitch folding is kinetically controlled (22) .
Effects of Transcriptional Pausing on TPP Riboswitch Folding. The data in Fig. 3 A and B clearly show that the final folding products of the full TPP riboswitch are influenced by the presence of TPP during transcription, and the amount of the effect depended on transcription speed. Based on these observations, we speculated that if transcription speed affects the final folding products of the TPP riboswitch, transcription pausing may have a more significant effect on riboswitch folding (33) . Using a gel assay, we found that long transcription pauses in the range of tens of seconds occur near the translation start codon in transcription by E. coli RNAP, but not phage T7 RNAP (Fig. S6) . The pausing sites we observed with E. coli RNAP are consistent with previous reports (33, 34) . To emulate the effect of a transcriptional pause, we studied the folding of transcripts of varying lengths. We observed a large TPP effect when the RBS and translation start codons were exposed at transcription stalling (Fig. 3C and Fig. S7 ), proving the importance of transcriptional pausing in folding regulation. Single-molecule FRET time traces of R144 in the absence of TPP show that the huge decrease of the off conformation is due to the fact that the transition from the off conformation to the on conformation occurs during stalling (Fig. 3D and Fig. S8 ). The off-to-on transition occurred with a half-life of 3.9 s, which is more than 10-fold smaller than the half-life of the transcriptional pausing ( Fig. 3E and Fig.  S9 ). We did not observe any such transition in the presence of 200 μM TPP; the on or off state was maintained during 150 s of observation time (Fig. S10) . This is unsurprising because the binding lifetime of TPP to the riboswitch was measured as 71 s (24) .
Finally, we tested the effects of riboswitch mutations on the folding of R144. The TPP riboswitch has several sites that are highly conserved across species (23) . Our TPP riboswitch regulation model predicts that the sequence of the aptamer region plays a functional role during ligand recognition, whereas the sequence of the expression platform plays a role during the off-to-on structural transition. As expected, we found a functional dichotomy between the aptamer and the expression platform. Mutations in the aptamer region (R144_P1 and R144_A69G) reduced the off-state population, indicating a corresponding reduction in ligand binding (Fig.  3F and Fig. S11 ). Still, we did observe significant regulatory effects of TPP in those mutants (Fig. 3F and Fig. S11 ). Mutations in the expression platform (R144_mRBS and R144_mAntiRBS), on the other hand, led to the near-complete disappearance of the regulatory effects of TPP, while leaving the off-state population relatively unchanged (Fig. 3F and Fig. S11 ).
Discussion
Our single-molecule cotranscriptional folding assay provided the following observations. First, the aptamer folds into the off conformation independent of TPP (Fig. 2H) , and TPP efficiently binds the aptamer only after the aptamer region is fully exposed (Fig.  2I) . Second, the off conformation switches to the on conformation during transcription from the aptamer region to RBS (Fig. 3A) , and the transition is enhanced by the presence of the transcriptional pause that occurs as RNAP nears the translation start codon (Fig. 3  C and D and Figs. S8 and S9) . Third, the off-to-on transition that occurs during transcription and the transcriptional pause is inhibited in the presence of TPP (Fig. 3 A and C and Fig. S10 ). Finally, the regulatory effect of TPP mostly disappears after the transcription of the RBS (Fig. 3C) . Based on these observations, we propose a regulation mechanism for the TPP riboswitch (Fig. 4) that is consistent with mutational studies in Fig. 3F . In this model, TPP has a brief time window for translation regulation that begins with aptamer synthesis and ends after the transcription of the RBS. Once this window has passed, the transition between the off and on states becomes more difficult, effectively blocking TPP's ability to regulate the riboswitch.
Transcriptional pausing near the translation start codon is a frequently observed phenomenon (35, 36) . In the case of the TPP riboswitch, the functional role of this transcriptional pausing is clear. By inspecting the secondary structures of the TPP riboswitch, it became clear that when the riboswitch is elongated and exposed downstream of the translation start codon, the on conformation becomes more favorable than the off conformation (ΔG 0 = −40 vs. − 30 kcal mol −1 ). Thus, transcriptional pauses at this position may be selected by evolution to provide RNAs adequate time to switch to the on conformation.
In the model shown in Fig. 1A , TPP induces the structural transition of the TPP riboswitch from the on conformation to the off conformation. Our data, in contrast, show that the TPP riboswitch folds into the off conformation in the absence of TPP, and that TPP works as a kind of "safety pin" that inhibits the structural transition from the off state to the on state during transcriptional pausing. It will be interesting to see how general this mechanism proves to be across other riboswitches.
Riboswitches regulating transcription termination are thought to be kinetically controlled, whereas riboswitches regulating translation initiation are thought to be thermodynamically controlled (22, 37) . Our work clearly shows that the E. coli thiM riboswitch, which regulates translation initiation, is kinetically controlled. This suggests kinetic control mechanisms are more widespread than expected. It is also evident that an RNA molecule's folding should be kinetically controlled if the regulation of that RNA should be accomplished as soon as RNA is synthesized. Even nascent RNAs with a time gap between their synthesis and the achievement of their functional regulation may not have enough time to reach a point of thermodynamic equilibrium, in terms of conformation, before they function. As RNAs become longer, this tendency becomes even more evident. In these cases, the kinetic control of RNA folding makes more sense.
In general, the energy landscapes for RNA folding are quite rugged. Sequential folding and transcription kinetics can therefore play significant roles in RNA folding. We successfully established a single-molecule FRET assay to study cotranscriptional influences on RNA folding. Compared with assays based on optical trapping (17, 38) , our single-molecule FRET assay has a few important merits: it is more efficient, can distinguish different folding conformations, and can report ligand binding/dissociation without unfolding the RNA.
Host polymerases also have significant influence over RNA folding. Although the influence of RNAP over RNA folding has primarily been attributed to transcriptional pausing, transcription speed is also an important factor. Compared with E. coli RNAP, T7 RNAP rarely exhibits any transcriptional pausing. Our singlemolecule FRET assay can take advantage of this absence of transcriptional pausing with T7 RNAP. We can take advantage of the absence of intrinsic pause sites, effectively emulating transcriptional pausing by forcing pauses at specific positions; the presence of pause sites, as with E. coli RNAP, would make it hard to control and study the effects of transcriptional pausing. T7 RNAP transcribes faster than E. coli RNAP. Our assay also allowed us to study the effects of transcription speed by controlling NTP concentration. In summary, our assay can be generally used to study the cotranscriptional folding of bacterial or eukaryotic RNAs. It allows us to perform well-controlled studies of the cotranscriptional effects of the two main physical mechanisms: transcriptional pausing and speed. Although our assay provides a simple means to directly study the physical mechanisms of cotranscriptional folding, there are also several other factors in vivo that affect transcription speed, transcriptional pausing, and conformational rearrangement of RNAs. To study these factors, more complicated cotranscriptional folding assays should be developed.
Methods
Synthetic Aptamer Preparation. Detailed procedures are described in SI Methods.
EC Reconstitution. The seed RNA (800 nM) was incubated in a tube with a template DNA strand (200 nM) and T7 RNAP (40 nM; New England Biolabs) for 50 min at 37°C. A donor-labeled UTP (Cy3-UTP, 100 μM; GE Healthcare) and a nontemplate DNA strand (400 nM) were added to the tube and incubated for 20 min before the single-molecule experiment. More detailed procedures are provided in SI Methods.
Single-Molecule FRET Experiments. After streptavidin (0.2 mg/mL; Invitrogen) coating of polymer-coated quartz slides (39) for 5 min, the EC (400 pM) was immobilized on the surface and imaged using a homemade wide-field total internal reflection fluorescence microscope equipped with a green laser (532 nm, Compass215M; Coherent) and a red laser (640 nm, Cube640-100C; Coherent). All experiments were performed at 37°C with 50-ms exposure times in an alternating laser excitation mode (40, 41) . Various NTP and TPP concentrations were used for transcription elongation, but high FRET fractions for the RNA transcripts were determined in the presence of 200 μM TPP. More details are provided in SI Methods.
The Promoter-Initiated Pause Assay with E. coli and Phage T7 RNAP. A linear DNA template (50 nM) containing the T7A1 promoter followed by the TPP riboswitch was incubated with 50 nM E. coli RNAP holoenzyme for 10 min at 37°C in transcription buffer. Halted ECs (+20) were formed by adding 150 μM ApU dinucleotide (Trilink), 20 μM GTP and CTP, 1 μM ATP, and 10 μCi [α-32 P] ATP (3,000 Ci/mmol). Transcription was then allowed to resume by addition of all four NTPs (50 μM) and heparin (100 μg/mL). In vitro transcription assays using T7 RNAP were performed similarly. More details are provided in SI Methods.
